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ABSTRACT: Using reﬂection electron energy loss spectros-
copy (REELS), we have investigated the optical properties at
the surface of a chalcopyrite-based Cu(In,Ga)(S,Se)2
(CIGSSe) thin-ﬁlm solar cell absorber, as well as an indium
sulﬁde (InxSy) buﬀer layer before and after annealing. By ﬁtting
the characteristic inelastic scattering cross-section λK(E) to
cross sections evaluated by the QUEELS-ε(k,ω)-REELS
software package, we determine the surface dielectric function
and optical properties of these samples. A comparison of the
optical values at the surface of the InxSy ﬁlm with bulk
ellipsometry measurements indicates a good agreement
between bulk- and surface-related optical properties. In
contrast, the properties of the CIGSSe surface diﬀer signiﬁcantly from the bulk. In particular, a larger (surface) band gap
than for bulk-sensitive measurements is observed, providing a complementary and independent conﬁrmation of earlier
photoelectron spectroscopy results. Finally, we derive the inelastic mean free path λ for electrons in InxSy, annealed InxSy, and
CIGSSe at a kinetic energy of 1000 eV.
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1. INTRODUCTION
Recently, eﬃciencies as high as 21.7% have been reported for
chalcopyrite based thin-ﬁlm solar cells.1 This material system
thus represents a high-eﬃciency, low-cost alternative to the
well-established silicon-based solar cells. However, high-
eﬃciency chalcopyrite-based solar cells are typically processed
with a CdS buﬀer layer from a chemical bath deposition (CBD)
process. CBD-CdS has been used on the laboratory scale, as
well as on large areas as the “state-of-the-art” buﬀer layer for
many years, despite the fact that CdS only yields very high
eﬃciencies when CBD-processed, making it a challenge to
implement it in an in-line process. Indium sulﬁde, in contrast, is
a promising and environmentally friendly alternative to CdS,
allowing high eﬃciencies (of up to 16.6% for 30 × 30 cm2
modules2,3) and dry in-line production.
The buﬀer/absorber interface is critical for the performance
of the solar cell and has thus been the subject of numerous
studies.4−8 In particular, the energy positions and alignment of
the band edges play a central role. Furthermore, it was found
that the surface properties of the material can diﬀer signiﬁcantly
from those of the bulk. Speciﬁcally, early photoelectron
spectroscopy (PES) measurements9,10 pointed toward a band
gap widening at the surface of the chalcopyrite absorber, which
was subsequently directly conﬁrmed and quantiﬁed by a
combination of PES and inverse PES (IPES).4,5 This surface
electronic structure diﬀers from the bulk due to diﬀerences in
the chemical structure, e.g., sulfur- and/or gallium gradients and
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a pronounced copper depletion.6,9,11,12 To elucidate whether
the conﬁrmation of a surface band gap widening is unique to
PES and IPES, we have employed reﬂection electron energy
loss spectroscopy (REELS)13−15 to gather surface electronic
structure information on such chalcopyrite absorber ﬁlms (to
the best of our knowledge, no chalcopyrite REELS studies have
previously been reported in the literature). The low-energy
electron loss regime of REELS provides fundamental
information about the electronic and optical properties at the
surface.16−18 The surface sensitivity can furthermore be ﬁne-
tuned by varying the energy of the exciting electrons. Finally,
REELS allows determining optical constants for much higher
energies than with spectroscopies using visible light.19 In this
study, we have used REELS to investigate a Cu(In,Ga)(S,Se)2
(CIGSSe) absorber and two indium sulﬁde (InxSy) buﬀer
layers, one as-grown and one after an annealing step.
2. EXPERIMENTAL SECTION
The CIGSSe absorbers were grown on a molybdenum-coated glass
substrate by the stacked elemental layer−rapid thermal process (SEL-
RTP).20 In these absorbers, gallium is primarily located at the back
contact; the investigated surface is essentially gallium-free and will thus
be named “CISSe” in the following. The indium sulﬁde buﬀer layer
was grown by physical vapor deposition (PVD)3 at the pilot line of
AVANCIS GmbH in Munich. It was shown that, in the absence of
additional annealing steps, no diﬀusion of absorber elements into the
buﬀer occurs.7 Moreover, the buﬀer layer surface is indium-rich (sulfur
poor) compared to stoichiometric In2S3.
The investigated sample set was shipped to the University of
Würzburg under inert atmosphere and the samples were transferred
into the UHV system (base pressure <2 × 10−10 mbar). The overall air
exposure time was less than 15 min. To remove surface contaminants
(like carbonates or oxides21) caused by the air exposure, we cleaned all
samples with short, low-energy (50 eV) and low-current (50−100 nA/
cm2) Ar+ ion treatment steps,22 and surface cleanliness was checked
with X-ray PES (XPS). Afterward, the InxSy/CISSe sample was
annealed for 30 min at 100 °C and 30 min at 200 °C to simulate
subsequent processing steps (named “annealed InxSy” or “an-InxSy” in
this article). Earlier studies have shown that a temperature treatment
induces a strong copper and sodium diﬀusion from the CISSe absorber
into the indium sulﬁde buﬀer7,8,23,24 and can increase the eﬃciency of
the solar cells.25
The three samples (CISSe, InxSy, and an-InxSy) were investigated by
REELS using a VG ESCALab MKII analyzer and a Thermo VG
Scientiﬁc LEG 24 electron source, which provides electrons with
kinetic energies up to 1000 eV. All experiments were performed with
an incident angle of 56° and an exit angle of 64° (with respect to the
surface normal) and with a primary kinetic energy E0 = 1000 eV. Note
that, at this chosen primary kinetic energy, the inelastic mean free path
(IMFP) λ for the (incoming and outgoing) electrons is ∼2 nm (see
below). This is similar to laboratory-based PES experiments.26
3. RESULTS AND DISCUSSION
A typical REELS spectrum consists of a dominating peak
caused by the elastically scattered electrons (the Rayleigh line)
and lower energy features attributed to characteristic
inelastically scattered electrons, with the excitonic band gap
onset closest to the Rayleigh line. As an example, Figure 1a
shows the as-measured REELS spectrum of the indium sulﬁde
buﬀer layer sample, together with the “inelastic scattering cross-
section” derived from the data after removal of multiple-
scattered electron contributions (see below). The FWHM of
the Rayleigh line is (0.84 ± 0.03) eV, which allows us to
determine absolute band gaps with an accuracy of ±0.2 eV, and
detect relative variations with ±0.1 eV.
For the determination of the excitonic band gap with EELS,
diﬀerent approaches are used in the literature.18,27−30 Stöger−
Pollach27 emphasize that the accurate removal of the Rayleigh
line is crucial. Hence, we ﬁrst ﬁtted (and removed) the elastic
peak with an asymmetric Voigt peak that was created by
conjoining two half-Voigts with diﬀerent width parameters
(“Split−Voigt”) to account for the Rayleigh line (which is
asymmetric because of the asymmetric line shape of the
electron source and, possibly, phonon excitation in the sample).
Then, we determined the onset with a ﬁt function consisting of
a constant below the onset and a linear function above. This
function was convoluted with a Gaussian proﬁle in order to
account for the energy resolution of the experiment. The
intersection of the constant and linear part of the function is
used to determine the band gap. The corresponding band gap
values are shown in Figures 1b,c for the two InxSy samples and
Figure 1d for the CISSe sample, together with the derived
inelastic scattering cross sections. We ﬁnd that the speciﬁc
choice of data points for the ﬁt results in slightly varying band
gap values, and an error bar of ±0.2 eV is estimated, as
mentioned above. The determined excitonic band gaps of InxSy
(Figure 1b; 2.2 ± 0.2 eV) and annealed InxSy (Figure 1c; 2.1 ±
0.2 eV) are in good agreement with reported values derived by
optical spectroscopy.31−33 In addition, we ﬁnd an excitonic
band gap of 1.4 eV for the CISSe absorber (Figure 1d). This
value is in good agreement with UPS/IPES-derived values for
similar copper-poor absorber surfaces, e.g., CuInSe2 (1.4 ± 0.15
eV)4 and CuIn(S,Se)2 of the Avancis pilot line (1.4 ± 0.15
eV),5 and smaller than that of a Cu(In,Ga)S2 surface (1.76 ±
0.15 eV).22 In contrast, bulk-sensitive reﬂection spectroscopy
Figure 1. (a) REELS spectrum and derived inelastic scattering cross-
section of an indium sulﬁde buﬀer layer (E0 = 1000 eV). The inelastic
region is magniﬁed by a factor of 20. (b−d) Comparison of inelastic
scattering cross sections λK(E) of indium sulﬁde, annealed indium
sulﬁde, and CISSe absorber (circles) with simulated spectra calculated
with QUEELS-ε(k,ω)-REELS software (red). The extracted band gaps
are indicated.
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measurements show a signiﬁcantly smaller band gap (1.03 eV)
for the here-investigated absorber.3
For further evaluation of the characteristic REELS spectrum,
the contribution of multiple-scattered electrons was removed
by using the QUASES.XS.REELS Ver.2.1 software (QUantita-
tive Analysis of Surfaces by Electron Spectroscopy).34 This
software uses a recursive formula35 to derive the inelastic
scattering cross-section λK(E) (as shown in Figure 1), which is
closely related to the bulk energy loss function Im(1/ε)
(ELF)14,36 and therefore to the complex dielectric function ε.
We have further used the QUEELS-ε(k,ω)-REELS Ver 4.32
software package (QUantitative Analysis of Electron Energy
Loss Spectra)36 to analyze the λK(E) spectra and determine the
optical properties of the CISSe absorber, the InxSy buﬀer layer,
and the annealed InxSy buﬀer layer.
The ELF parameters were determined using a minimal
number of peaks (<10) to simulate the experimental λK(E)
curve and by manually varying peak parameters until a good
agreement was reached. To obtain the real part of ε(ℏω), the
results were normalized such that the integral under the λK(E)
curve was unity in order to fulﬁll the Kramers−Kronig sum
rule.13,37 For this purpose, the refractive index in the optical
limit n0 = n(ℏω → 0)
16 of the CISSe sample was chosen to be
consistent with the average of literature bulk values, i.e., n0 =
2.9.38−40 For the InxSy sample, n0 was taken from the optical
measurement (n0 = 2.5, see discussion below). For the an-InxSy
sample, we assume that the annealing step does not signiﬁcantly
change n0. The modeled λK(E) for InxSy, annealed InxSy, and
CISSe are depicted in red in Figures 1b−d, respectively.
Figure 2 shows the real part ε1(ℏω) (Figure 2a) and the
imaginary part ε2(ℏω) (Figure 2b) of the dielectric function,
calculated from the corresponding ELF. The InxSy (red) and
an-InxSy (green) spectra are nearly identical (as expected),
whereas the CISSe spectrum diﬀers notably.
At 0 eV (i.e., in the long-wavelength limit), the dielectric
function is entirely real (8.4 for CISSe and 6.3 for the indium
sulﬁde samples), increases with energy toward a maximum at
2.5 eV (CISSe) and ∼3.0 eV (indium sulﬁdes), and then rapidly
decreases to approximately zero for all samples. In parallel, the
imaginary parts ε2(ℏω) of all samples are zero at long
wavelengths, become nonzero at the band gap energy, reach
a maximum value at ∼3.0 eV (CISSe) and ∼4.6 eV, and
decrease monotonously toward zero at higher energies.
We have calculated the refractive index n, extinction
coeﬃcient κ, and absorption coeﬃcient α from the dielectric
function.41 The corresponding spectra are plotted in Figures
3a−c. For short wavelengths, the refractive index n (Figure 3a)
increases for all samples, reaches a maximum at ∼470 nm
(CISSe) and ∼400 nm (InxSy and an-InxSy), and then levels oﬀ
into a long-wavelength plateau (with n0 = 2.9 for CISSe and n0
= 2.5 for indium sulﬁde at zero energy). As stated above, the
optical constants n and κ for a CuInSe2 absorber layer were
taken from ref 39. for comparison. The surface-related data are
slightly larger for wavelengths above 300 nm. In addition, we
have plotted optical properties of the as-grown indium sulﬁde
layer as a dashed blue line (determined by ellipsometry
measurements using a SENTECH SE850 ellipsometer and a Xe
arc lamp as light source). A good general agreement between
the InxSy bulk- (ellipsometry) and surface-sensitive (REELS)
measurements can be observed.
In the case of the extinction coeﬃcient κ (Figure 3b) and the
absorption coeﬃcient α (Figure 3c), each spectrum starts at the
corresponding band gap energy. The CISe extinction coeﬃcient
for wavelengths above 600 nm is larger than the surface-
sensitive one, which is due to the signiﬁcantly smaller bulk band
gap of about 1 eV3. Over the entire wavelength region, the
CISSe surface extinction and absorption coeﬃcients are
signiﬁcantly larger than those of the indium sulﬁde samples
(with extinction maxima at ∼280 nm for CISSe and ∼240 nm
for indium sulﬁde). Between 450 and 320 nm, the an-InxSy has
smaller extinction and absorption coeﬃcients than the InxSy
sample. This eﬀect has already been reported by Sanz et al.42
and was ascribed to a reduction of intergranular defects of the
an-InxSy as compared to the as-grown sample. We ﬁnd that the
InxSy spectrum derived from ellipsometry (dashed blue line)
and the surface-sensitive REELS measurement reveal the same
onset and a similar trend for wavelengths >400 nm. At about
350 nm, the optically measured κ is about 25% smaller. This
ﬁnding points to a diﬀerence between surface and bulk
stoichiometric composition, which probably aﬀects character-
istic interband transitions in InxSy. For example, an increased
Figure 2. Dielectric function of the CISSe absorber (black), InxSy
(red), and annealed InxSy (green) buﬀer layer, calculated with
QUEELS-ε(k,ω)-REELS: (a) real part ε1, (b) imaginary part ε2..
Figure 3. Optical values of CISSe (black), InxSy (red), and annealed
InxSy (green), as determined from the dielectric function (Figure 2),
and compared to a (bulk-sensitive) optical measurements of CuInSe2
39
(dashed gray) and InxSy (dashed blue). (a) Refractive index n, (b)
extinction coeﬃcient κ, and (c) absorption coeﬃcient α.
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surface contribution of an In6S7 phase (with a band gap below 1
eV43) could explain this behavior. We note that, for λ < 240
nm, α is about 100 μm−1, which is similar to reported bulk
absorption coeﬃcients.42,44
To retrieve the electron inelastic mean free path (IMFP) λ,
we used the inverse of the simulated K(E): λ =
[∫ 0∞dEKsim(E)]−1.
46 The cross-section Ksim(E) is calculated
from the dielectric response function, and the resulting λ (at
1000 eV) values are listed in Table 1. We obtain IMFP values
of 20.5, 19.0, and 19.4 Å for the CISSe, InxSy, and an-InxSy
samples, respectively (±0.5 Å). We compare the obtained
inelastic mean free paths with values of similar compounds
calculated using QUASES-IMFP34,45 at 1000 eV kinetic energy
in Table 1. Although similar, we ﬁnd distinct diﬀerences
between the here-derived values and the QUASES-IMFP
results, which might be explained by the oﬀ-stoichiometry of
the measured sample surfaces (e.g., taking the Cu surface
depletion of the absorber and interdiﬀusion processes at the
buﬀer/absorber interface into account).
4. SUMMARY AND CONCLUSION
In summary, we have used REELS to investigate the surface-
related characteristic electron energy loss spectra of a CISSe
absorber, an InxSy buﬀer, and an annealed InxSy buﬀer. We have
determined the excitonic band gap and found the indium
sulﬁde values to be close to bulk values from literature.
Furthermore, the derived surface dielectric function and optical
properties of the two investigated buﬀer layers diﬀer notably
from those of the absorber. The results for the refractive index,
extinction coeﬃcient, and absorption coeﬃcient of the surface-
sensitive REELS measurements of the buﬀers are in good
agreement with bulk-sensitive ellipsometry measurements.
Finally, we show that the optical properties of the CISSe
absorber diﬀer signiﬁcantly from the bulk, and conﬁrm the
earlier ﬁnding of PES/IPES measurements that the surface
band gap (1.4 ± 0.2 eV) is signiﬁcantly larger than the bulk
value, re-emphasizing the necessity of using surface-related
band gap values when determining conduction band alignments
based on valence-band oﬀsets and optical (bulk) band gaps.
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